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(57) ABSTRACT

Provided 1s a method for the throughput-optimised produc-
tion of printed circuit boards on least two assembly lines,
wherein: the printed circuit boards are divided into clusters;
cach cluster 1s produced using a set-up system that 1s carried
out by changeover tables that can be attached to the assem-
bly line, each changeover table having at least one feed
device for keeping ready stocks of components; and a
changeover table set and an empty changeover table set
comprises changeover tables with feed devices that are
empty.
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METHOD AND CONTROL DEVICE FOR
THE THROUGHPUT-OPTIMIZED
PRODUCTION OF PRINTED CIRCUIT
BOARDS ON A PLURALITY OF
PICK-AND-PLACE LINES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to PCT Application No.
PCT/EP2017/057713, having a filing date of Mar. 31, 2017,

the entire contents of which are hereby incorporated by
reference.

FIELD OF TECHNOLOGY

The following relates to a method for the throughput-
optimized production of printed circuit boards on a plurality
of pick-and-place lines. Furthermore, the following relates
to a control device for a pick-and-place system or a produc-
tion or mounting line for the placement of components or
devices on printed circuit boards (assemblies). Moreover,
the following relates to a computer program product.

BACKGROUND

Particularly in the field of electronics production, printed
circuit boards or assemblies to be produced are manufac-
tured on SMT pick-and-place lines by surface mounting
(surface mounted technology, SMT). One manufacturer of
SMT pick-and-place machines and systems bearing the
product name SIPLACE 1s for example ASM (http://www-
siplace.com/en/Home).

A plurality of pick-and-place machines which are usually
connected by a transport system, and which interact e.g. 1n
order to produce (electronics) devices or printed circuit
boards, constitute a pick-and-place line.

In the case of pick-and-place machines e.g. for the place-
ment of components on assemblies, shuttle tables for feed
devices for components are arranged laterally at a transport
path for the assembly.

The shuttle tables each comprise a multiplicity of feed
devices. Each feed device keeps ready a supply of compo-
nents of a predetermined component type. For the compo-
nents, the feed device has a volumetric capacity (space
capacity), which 1s usually expressed in tracks or track
capacities.

Each feed device can be configured for keeping ready
different components and different feed devices can usually
be attached to a shuttle table. If a component of a component
type that 1s not present 1n one of the shuttle tables 1s required
at a specific pick-and-place machine, then 1t 1s usually the
case that rather than one of the attached shuttle tables being
provided with the required components, 1t 1s completely
exchanged for another, appropnately equipped shuttle table.
Equipping an exchangeable shuttle table with components 1s
called prefitting and may require a processing time in the
hours range.

Furthermore, 1t 1s known from electronics production, for
example, to combine the batches to be produced on a
pick-and-place line 1n fitting families. All batches of a fitting,
family are produced 1n each case with the same line fitting.
A fitting family, also called cluster, comprises a set of
batches which can be produced within a fitting. All assem-
blies of a fitting family can thus be produced successively
without fitting conversion on the pick-and-place line.
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A fitting can be held on one or a plurality of fitting tables
that can easily be exchanged on the pick-and-place machine.
However, equipping a fitting table with components of
predetermined component types 1s complex—as already
described above. The fittings are therefore often different-
ated 1nto fixed fittings and variant fittings, wherein a fixed
fitting table 1s provided for maintaining its composition of
component types over a predetermined planning time
period, while a vanant fitting table 1s expected to be con-
verted within the planming time period.

Typical fitting operation on an SMT pick-and-place line
within a short-term planning period, beginning at planning
through to implementation, 1s manifested as follows:

The duration of a short-term planning time period 1s
normally between one and five days. At the beginning of a
planning period, the production planner usually acquires
new production jobs from an EDP system. However, said
planner also still has a remaining amount of old production
j0bs from the prior period that have not been scheduled in
planning. The jobs are produced, 1f possible, with existing
fixed fittings. Variable fittings (also called variant fittings)
are created for the remainder.

While placement 1s being eflected with an active fitting at
the pick-and-place line, in the prefitting region the next
fitting 1s already being prepared on a shuttle table set kept
available for variable fittings. In this case, a quantity of
shuttle tables required per fitting 1s referred to as a shuttle
table set. IT the preparation takes too long, then an outage
time of the pick-and-place line arises.

Fitting conversion processes for changing the fitting from
one {itting family to another fitting family also entail outage
times of typically 30 min.

Outage times reduce the throughput on the pick-and-place
lines and should thus absolutely be avoided.

In practice, the variable fittings are usually created using
a cluster tool such as e.g. SiCluster. The fitting order that 1s
ordered 1n a temporal sequence 1n the prefitting region 1s

currently created manually by the production planner.
PCT/EP2017/051997 has already proposed a method and

a control device for optimizing the throughput on a pick-
and-place line.

SUMMARY

An aspect relates to optimize the throughput overall on a
plurality of pick-and-place lines.

The embodiment of the invention include a method for the
throughput-optimized production of printed circuit boards
on at least two pick-and-place lines, wherein the printed
circuit boards are divided into groups called clusters,
wherein a cluster 1s produced 1n each case by means of a
fitting, wherein the fitting 1s realized by shuttle tables which
are attachable to the pick-and-place lines and which each
have at least one feed device for keeping ready supplies of
components, wherein a quantity of shuttle tables required
per fitting 1s referred to as a shuttle table set and an empty
shuttle table set has shuttle tables with feed devices that are
empty,

wherein a fitting 1s mounted temporarily on empty shuttle

table sets and 1s demounted after the production of
printed circuit boards as a result of the population
thereot, and

wherein one of the shuttle table sets 1s usable in produc-

tion only 1f it has been completely equipped 1n a
prefitting region, and the shuttle table set 1s equippable
again only 1f production carried out with the shuttle
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table set has ended and the shuttle table set has been

stripped again in the prefitting region,
wherein the method comprises the following steps:
a) detecting a set of pick-and-place lines,
b) detecting a set of clusters,
c) detecting a number of empty shuttle table sets per
pick-and-place line,
d) detecting the respective time duration for creating the
fitting for one cluster per pick-and-place line,
¢) detecting the respective production time duration for
producing one cluster on one of the pick-and-place lines,
) selecting an order for using the shuttle table sets per
pick-and-place line for fitting 1n the prefitting region with
the aim of avoiding waiting times 1n the production 1n which
the same shuttle table sets are used for producing the printed
circuit boards,
g) optimizing an assignment ol clusters to the pick-and-
place lines and an order of the assigned clusters per pick-
and-place line, such that the throughput 1s maximized over-
all relative to all the pick-and-place lines,
h) carrying out the production of the printed circuit boards
with the aid of the optimized assignment and order of the
clusters.

An empty shuttle table set generally has shuttle tables that
are not equipped or have not yet been equipped. In this case,
the feed devices are empty and not equipped with compo-
nents for placement.

The shuttle table sets can be assigned here 1n each case to
positions in a temporal order 1n which the shuttle table sets
are equipped 1n the prefitting region and are used or
employed 1n the same temporal order 1n production.

The embodiment of the mvention affords the advantage
that the throughput 1n printed circuit board production can
be increased. Optimum calculations for the abovementioned
assignment to the pick-and-place lines and for the order are
possible, as a result of which an automated assistance in
production planning 1s also achieved, inter alia.

One development of the embodiment of the mmvention
provides that in each case a maximum production time
duration per pick-and-place line 1s definable or can be
defined. This maximum production time duration can influ-
ence the above optimization.

One development of the embodiment of the invention
provides that a subset of clusters which are not permitted to
be produced or cannot be produced on a determinable or
determined pick-and-place line of the pick-and-place lines 1s
predefinable or determinable from the set of clusters.

One development of the embodiment of the mmvention
provides the following further method steps:

detecting one or a plurality of earliest possible points in

time for the beginning of the use of a shuttle table set
per pick-and-place line,

detecting an earliest possible point 1n time per pick-and-

place line for the beginning of production,

detecting an earliest possible point 1n time for the begin-

ning of fitting 1n the prefitting region, and
optimizing the assignment and order of the clusters
taking account of the earliest points in time detected.

It 1s thus possible to reduce the waiting time that arises
owing to the fact that, for employing or using a shuttle table
set 1n production, it 1s necessary to wait until the shuttle table
set has been equipped to completion in the prefitting region.

One development of the embodiment of the mmvention
provides for optimizing the assignment and the order of the
clusters to be carried out with the aid of mixed integer linear
optimization.
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One development of the embodiment of the mmvention
provides that clusters subdivided into real clusters and
virtual clusters, also called filling or dummy clusters, 1ntlu-
ence the mixed integer linear optimization, wherein after
optimizing the assignment and the order of the clusters (see
above step g)), the virtual clusters are extracted or removed
and the remaining clusters move up in the respective order.
The virtual clusters are used for the linear optimization, are
thus used as 1t were as a kind of placeholder, but do not
correspond to real clusters.

On at least two pick-and-place lines it 1s possible to
complete a number of real clusters with the real fittings
thereol and also an 1dentical number of virtual clusters with
virtual fittings. Two shuttle table sets are normally available
for completing the real clusters with the real fittings thereof.
These clusters can be assigned to the respective pick-and-
place lines and 1t 1s possible to design or define an order (1,
2, . . ., 5) for creating the respective fittings for the
production of the corresponding cluster. Optimizing the
assignment of the clusters and the order can be carried out
iteratively by means of the abovementioned optimization
procedure or method, 1n particular with the aid of mixed
integer linear optimization.

One development of the embodiment of the invention
provides that different types of fittings are used, wherein a
first type corresponds to a fixed fitting, which, after one-oif
fitting, remains unchanged and 1s not demounted and
mounted before production. One shuttle table set 1s provided
per fixed fitting. A second type corresponds to a variant
fitting, which 1s variable—as explained 1n the introduction.
At least one shuttle table set 1s provided for the variant
fittings. Each cluster 1s produced with a fitting of a predefin-
able type of the types mentioned.

One development of the embodiment of the invention
provides that {fitting conversion times are additionally
detected and taken into account for the optimization, said
times occurring as a result of changing the shuttle table sets
upon the transition from one fitting to another fitting.

In order to improve the throughput, in production between
the clusters with vanant fittings 1t 1s possible skiallfully to
insert one or a plurality of clusters with fixed fittings
therebetween.

One development of the embodiment of the mmvention
provides that a cluster with a fixed fitting can be divided and
can be introduced multiply into the order of the clusters.

Moreover, a cluster with a fixed fitting can be mntroduced
at the beginning and/or at the end into the order of the
clusters.

A Turther aspect of the embodiment of the invention
provides a control device, 1n particular for carrying out the
method for the throughput-optimized production of printed
circuit boards on at least two pick-and-place lines as claimed
in any of the preceding claims, wherein the printed circuit
boards are divisible into groups called clusters, wherein a
cluster 1s produced in each case by means of a fitting,
wherein the fitting 1s realizable by shuttle tables which are
attachable to the pick-and-place lines and which each have
at least one feed device for keeping ready supplies of
components, wherein a quantity of shuttle tables required
per fitting 1s referred to as a shuttle table set and an empty
shuttle table set has shuttle tables with feed devices that are
empty,

wherein a {itting 1s mountable temporanly on empty

shuttle table sets and 1s demountable after the produc-
tion of printed circuit boards as a result of the popu-
lation thereof, and
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wherein one of the shuttle table sets 1s usable in
production only 1f it has been completely equipped 1n
a prefitting region, and the shuttle table set 1s equip-
pable again only if production carried out with the
shuttle table set has ended and the shuttle table set

has been stripped again 1in the prefitting region,

wherein the control unit comprises the following detection
devices:

a) for detecting a set of pick-and-place lines,

b) for detecting a set of clusters,

¢) for detecting a number of empty shuttle table sets,

d) for detecting the respective time duration for creating the
fitting for one cluster per pick-and-place line,

¢) for detecting the respective production time duration for
producing one cluster on one of the pick-and-place lines,
1) for selecting an order for using the shuttle table sets per
pick-and-place line for fitting in the prefitting region with
the aim of avoiding waiting times 1n the production 1n which
the same shuttle table sets are usable for producing the
printed circuit boards, and

g) means for optimizing an assignment of clusters to the
pick-and-place lines and an order of the assigned clusters per
pick-and-place line, such that the throughput 1s maximized
overall relative to all the pick-and-place lines, and also

h) means for carrying out the production of the printed
circuit boards with the aid of the optimized assignment and
order of the clusters.

The control device can provide means and/or units or
devices and/or modules for carrying out the method men-
tioned above, each of which can be manifested in terms of
hardware and/or in terms of firmware and/or in terms of
software or as a computer program or a computer program
product. These devices and/or means can be implemented
individually by themselves or 1n a combined manner 1n one
Or more units.

The control device can be correspondingly developed like
the method described above.

A Turther aspect of the embodiment of the invention can
be a pick-and-place system comprising such a control device
according to the embodiment of the invention.

Said pick-and-place system can be part of an installation.

The 1nstallation can be characterized, inter alia, by one of
the following installation types. Examples thereol are an
automation installation or a manufacturing or production
installation.

A further aspect of the embodiment of the mvention 1s a
computer program product or a computer program compris-
ing means for carrying out the abovementioned method
when the computer program (product) 1s executed i a
control device mentioned above or 1n means of the device.
The computer program or computer program product can be
stored on a computer-readable medium. The computer pro-
gram or computer program product can be created using a
customary programming language (e.g. C++, Java). The
processing device can comprise a commercially available
computer or server having corresponding input, output and

storage means. This processing device can be integrated 1n
the control device or in the means thereof.

BRIEF DESCRIPTION

Some of the embodiments will be described 1n detail, with
reference to the following figures, wherein like designations
denote like members, wherein:

FIG. 1 shows a pick-and-place system by way of example
comprising two pick-and-place lines, and
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FIG. 2 shows a graphical diagram showing the assign-
ment to the pick-and-place lines and the order of the fitting

processes 1n the prefitting region and the order of the use of
the fittings 1n production.

DETAILED DESCRIPTION

FIG. 1 shows one exemplary pick-and-place system 100.
The pick-and-place system 100 comprises a plurality of
pick-and-place lines 110 and a processing or control device
115. Each pick-and-place line 110 comprises an optional
transport system 125 and one or a plurality of pick-and-place
machines 130. Each pick-and-place machine 130 comprises
one or a plurality of pick-and-place heads 133, each con-
figured to pick up components 155 from a fitting table 140
and to position them at a predetermined place on the printed
circuit board 120 situated on the transport system 125.
During the pick-and-place process, the printed circuit board
120 1s usually stationary relative to the pick-and-place
machine 130.

The fitting tables 140 each comprise a multiplicity of feed
devices 150, only one of which 1s illustrated by way of
example 1n FIG. 1. Each feed device 150 keeps ready a
supply of components 155 of a predetermined component
type 160. For the components 155, the feed device 1350
usually has a volumetric capacity that can be expressed in
tracks. A track 1s usually 8 mm wide and the number of
tracks of a fitting table 140 1s limited, for example to 40.
Components 155 of the same component type 160 are
usually provided i a belt, on a tray or in a tube. Each
component type 160 requires a predetermined number of
tracks on the feed device 150 and on the fitting table 140,
which tracks usually adjoin one another.

A Teed device 150 can usually be configured for keeping
ready components 155 of different component types 160 and
different feed devices 150 can usually be attached to a fitting
table 140. In the present case, 1t 1s assumed as a simplifi-
cation that a supply of components 155 of a component type
160 at a feed device 150 1s practically infinite, that 1s to say
that subsequent fitting 1s not necessary.

If a component 155 of a component type 160 that 1s not
present on one of the fitting tables 140 1s required at the
pick-and-place machine 130, then 1t 1s usually the case that
rather than the assignment of components 155 to one of the

attached fitting tables 140 being altered, the fitting table 140
1s completely exchanged for another, appropniately equipped
fitting table 140. Equipping a fitting table 140 not attached
to the pick-and-place line 110 with components 155 1s called
prefitting and may require a processing time in the range of
one or more hours, for example approximately 6-8 hours.
Since a change of fitting tables 140 at the pick-and-place
line 110, a so-called fitting change, 1s usually associated with
a stoppage of production, 1t 1s endeavored to carry out
changes of the fitting tables 140 as infrequently as possible.
Furthermore, since the fitting tables 140 are costly and the
fitting conversion of a fitting table 140 may be complex and
lengthy, attempts are furthermore made to form the fewest
possible fittings 1n order to produce a predetermined pro-
duction quantity of printed circuit boards 120 of predeter-
mined printed circuit board types 122. The production
quantity here comprises a plurality of printed circuit board
types 122, of which 1n each case a predetermined number of
printed circuit boards 120 are intended to be populated with
components 155 of predetermined component types 160. By
way of example, 300 printed circuit boards 120 of a first
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printed circuit board type 122 and 200 printed circuit boards
120 of a second printed circuit board type 122 can be
populated.

A fitting 165, 170 comprises a set of component types 160
and 1s realized by one or a plurality of fitting tables 140,
which, 1n the case of a plurality of fitting tables, form a
shuttle table set and 1n each case are equipped with supplies
of components 155 of the component types 160 of the fitting
165, 170 and are attached to the pick-and-place line 110.

The fitting 165, 170 1s assigned a fitting family 175
comprising printed circuit board types 122, of which printed
circuit boards 120 can be populated by means of compo-
nents 155 of the component types 160 of the fitting 165, 170.
A fitting family 175 1s assigned to exactly one fitting 165,
170, and vice versa.

In order to increase the capacity utilization of a pick-and-
place line 110 or to reduce a need for fitting tables 140, 1t 1s
therefore crucial how fitting families 175 are formed on the
basis of the printed circuit board types 122 to be populated.
When forming fittings 165, 170 or fitting families 175,
constraints may need to be observed, for example compli-
ance with a limited volumetric capacity of a fitting table 140
for component types 160 or a grouping of predetermined
printed circuit board types 160 1n the same fitting family
175, for instance for reasons of using lead-containing or
lead-free soldering tin.

The fittings can be differentiated into fixed fittings 165
and variant fittings 170, wheremn a fixed fitting 165 1s
provided so as to remain fitted without being changed on a
number of shuttle tables 140 over a predetermined planning
time period, while a shuttle table 140 of a variant fitting 170
1s expected to be converted by being fitted with components
155 of other component types 160 within the planning time
period. The planning time period may be 6 to 12 months, for
example. A variant fitting 165 exists 1mn a predetermined
configuration usually for significantly less time than the
planning time period, for example over a number of hours or
days, but usually not over more than a week.

The fittings 165, 170 can be exchanged as required at the
pick-and-place line 110. In order to realize a fixed fitting 165
or a variant fitting 170, usually a fitting table 140, while 1t
1s not attached to the pick-and-place line 110, 1s equipped
with supplies of components 155 of predetermined compo-
nent types 160. Already mounted components 155 of unre-
quired component types 160 can be demounted beforehand.
This fitting conversion may comprise a considerable pro-
portion of manual work and be time-consuming.

In order to mimmize the outlay associated with a variant
fitting 170, attempts are made to include as many printed
circuit board types 122 as possible 1n the fixed fittings 165.
A case without vanant fittings 170 that 1s striven for 1s
virtually unattainable, however, 1n practice.

In the context of the control of the pick-and-place system
100, the control device 115 assigns printed circuit board
types 122, the assigned printed circuit boards 120 of which
are intended to be populated on the pick-and-place line 110,
respectively to a fitting family 175, wherein fixed-fitting
fitting families 175 respectively assigned to a fixed fitting
165 and vanant-fitting fiting families 175 respectively
assigned to a variant fitting 170 can be formed.

A special case of optimization methods 1s linear optimi-
zation. It 1s concerned with the optimization of linear target
functions over a set limited by linear equations and inequali-
ties. It 1s the basis of the solution procedures of (mixed)
integer linear optimization. A so-called solver is a collective
term for specific mathematical computer programs which
can solve mathematical problems numerically. In associa-
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tion with MILP (mixed integer linear programming), stan-
dard solvers such as e.g. CPLEX, Scip, Gurobi, Xpress can
be used for IP programs (integer optimization models).

A description 1s given below of an example in which an
MILP model (mixed integer linear programming) 1s used to
calculate optimum assignment to the pick-and-place lines
110 and the temporal fitting orders of predefined fitting
families to be produced. Moreover, 1t 1s possible to calculate
an optimum temporal order for the use of the equipped
shuttle table sets (variant fitting) and, 1f appropriate, the
fixed-fitting shuttle table sets at the respective pick-and-
place line.

FIG. 2 schematically illustrates the following:

In the first two rows with respect to a first pick-and-place
line 110, positions 1, 2, . . . , 5 etc. are shown 1n a specific
temporal order. In the prefitting region there 1s a fitting order
RL1 with fitting positions. In the example, the variable or
variant {ittings V1, V3 and V3 are assigned here to the
positions 1, 2 and 3 within the order RL1. If there are five
clusters with varniable fittings, as 1n the example, then there
are also five positions (1, 2, 3, 4 and 5) within the fitting
order to which the variable fittings are assigned or allocated
(one to one). A certain number of shuttle table sets are
available for creating these clusters with the variable fittings.
There are usually two such shuttle table sets per pick-and-
place line. One of the two shuttle table sets 1s available at the
pick-and-place line after having been equipped. The other
shuttle table set of the two shuttle table sets 1s situated 1n the
prefitting region. The shuttle table sets are alternately
assigned to the positions 1n advance, wherein the assignment
begins with the shuttle table set available at the earliest point
in time. The shuttle table sets are then used 1n production 1n
the same temporal order 1, 2, . . ., 5 etc. 1n which they were
equipped to completion. This 1s indicated by the arrows
between the two rows, which represent waiting relationships
among the positions 1 to 5. To put 1t another way, a shuttle
table set must e.g. first be equipped to completion at position
1 before i1t can be used 1n production at position 1.

Clusters with variant fittings V1 to V5 are illustrated 1n
the third row. The arrows between the first two rows and the
third row 1ndicate assignments of variant fittings to the
positions 1 to 5. It may be expedient e.g. to position the
variant fitting V3 at position 1 and the variant fitting V1 at
position 2 1f the fitting time (duration) for V3 1s shorter than
that for V1. Unnecessary waiting times or outage times in
production would thus be avoided.

For each pick-and-place line, the number of positions
corresponds exactly to the number of real fitting families to
be produced overall. With respect to the fitting families that
are really to be produced, there are also n virtual fitting
families (n=number of positions overall minus the number
of real fitting families) with fiting and production time
durations having a magnitude of 0. The variant fittings for
the real fitting families or clusters and the virtual fittings are
assigned to the positions 1, 2, . . ., 5 etc. of the production
orders PL1 and PL2, respectively, of the pick-and-place
lines.

In the last two rows with respect to a second pick-and-
place line, positions 1, 2, . . ., 5 etc. are likewise shown 1n
a specific temporal sequence. In the prefitting region there 1s
a fitting order RL2 with fitting positions. In the example, the
variable or variant fittings V4 and V2 are assigned here to
the positions 1 and 2 within the fitting order RL2. If, as in
the example, there are also additionally 5 virtual fittings V6,
V7, V8, V9, V10 and for each pick-and-place line 5 posi-
tions (1, 2, 3, 4 and 5) within the fitting order, to which all
the fittings V1 to V10 are assigned or allocated one to one,
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in the example the virtual fittings V6 and V9 are placed at
the positions 4 and 5 of the fitting order RLL1 and the virtual
fittings V7, V8 and V10 are placed at the positions 3, 4 and
5 of the fitting order RL2. This placed order can be regarded
as a starting selection, which 1s optimized 1n the optimiza-
tion model explained below together with an 1nitial assign-
ment of clusters to the two pick-and-place lines on which
they are produced in each case with a variant and/or fixed
fitting created to completion beforehand.

Ultimately, the production of the printed circuit boards
120 1s carried out physically with the attamned optimized
assignment and order of the clusters, wherein the virtual
fittings are represented as it were as “placeholders™ in the
optimization model described in greater detail below. In this
regard, the real fittings move up 1n the order during the real
prefitting and 1n real production.

The maximum production time duration per pick-and-
place line can additionally be defined. This maximum pro-
duction time duration can influence the above optimization.

A subset of clusters which are not permitted to be pro-
duced or cannot be produced on a determinable or deter-
mined pick-and-place line of the pick-and-place lines can be
determined from the set of clusters. This ultimately also
influences the use of the variant fittings at the respective
pick-and-place line.

Furthermore, 1t 1s possible for fixed {fittings to be inter-
posed into the production of the clusters. By way of
example, the vanant fitting V3 1n the example could be a
fixed fitting which 1s fixedly fitted onto a shuttle table set.
Possibly no waiting times then arise for the clusters with
fixed fittings, since the fixed fittings are mounted only once
and are then in return maintained for a longer “planning”
time period. The dashed arrow indicates this. Fixed fittings
can be 1nserted or interposed 1nto the production order PL1,
for example, at “intermediate positions”. This aflords the
advantage that waiting times 1n production for the comple-
tion of the vanant fittings required can be avoided 1n this
way. Fixed fittings are preferably used at the beginning
and/or at the end of the production order.

In the following MILP model, a number of clusters with
real fittings and a number of clusters with virtual fittings
(=number of lines*number of real clusters—number of real
clusters) are assigned to at least two pick-and-place lines.

In the formulation of the optimization model 1n the form
of an MILP model, the following designations are appli-
cable:

Indices:

L. Set of pick-and-place lines

V Set of vaniable fitting famailies or clusters (real and dummy
fitting famailies)

P’/ Set of order positions for the variable fitting families,

P={1, ..., IVI} on pick-and-place line IEL
T’ Set of shuttle table sets on pick-and-place line 1EL
P Ascending sorted set of positions at which shuttle table

set s€T’ is used
PTime,’ Production time duration of fitting family r includ-

ing the fitting conversion time duration at the pick-and-
place line |
RTime,’ Tim duration for creating the fitting for the fitting

family r at the pick-and-place line 1
EarliestBegin,’ Earliest possible beginning of production at

the pick-and-place line 1
EarliestBegin,’ Earliest possible beginning of fitting in the

prefitting region of pick-and-place line 1
EarliestBegin ' Earliest possible use for shuttle table set s&T"

on pick-and-place line 1
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Binary Variables:

assignﬂpz Variable indicating whether the fitting family V 1s
produced at the p-th position of the production order of
the pick-and-place line 1.
(In this case, 1t assumes the value 1, otherwise the value

0)

begianz Beginning of the production of the fitting family at
the p-th position of the production order of the pick-and-
place line 1

beginV ' Beginning of the fitting creation for the fitting
famify at the p-th position of the fitting order for the
pick-and-place line 1

endez End of the production of the fitting family at the p-th
position of the production order of the pick-and-place line
1

endV ’ End of the fitting creation for the fitting family at the
p-tﬁ position of the fitting order for the pick-and-place
line 1

IP Formulation:

The Target Function Reads:

Minimize

Constraints:

(1) Each fitting family must be assigned to one position at a
pick-and-place line.

Z Z assfgni,p =]l,veV

=y 8 PEP'{

(2) -

Each position must be allocated one fitting family.

Zﬂssfgni’p =1llelL peP

vel

(3) The production of a fitting family at position p of a
pick-and-place line 1 can only begin 1t the fitting has been
created in the prefitting region.

endeU < beginP; el pe P

(4) The creation of the fitting for the fitting family at position
p of a pick-and-place line can only begin 11 the creation of
the fitting of the fitting family at the position p—1 has
concluded.

(5) At pick-and-place line 1, the fitting creation for the fitting,
family at the p-th position can only begin i the allocated
shuttle table set 1s free or empty.

endP'p; < beginb’; pin PLseT

direct successor of

(6) Taking account of the production time durations

EndeU = begfnP{p + Z PTfmef,assfgni? ,leL, pe P

velV
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(7) Taking account of the fitting time durations in the
prefitting region

E’Hdv; = begfnlf’; + Z RTmeiassfgnf},p el peP

vV

(8) The production of a fitting family at position p at a
pick-and-place line 1 can only begin if the production of the
fitting family at the position p—1 has concluded.

E:ndP'p_l < beginP;, lel, p=2,..,|P

(9) The production at the pick-and-place line can mitially
only begin if the pick-and-place line i1s available for this

purpose.
Eﬂrlfe'srﬁegfni < beginP} [ € L

(10) The fitting creation 1n the prefitting region can initially
only begin 1f the pick-and-place line 1s available for this

purpose.
EarlfesrBegfn{, < beginV! le L

(11) The shuttle table set s€T’ can initially only be used if
it 1s available.

Eﬂrlfesrﬂegfni < beg:inlf’; el s

..:' .
7T s F first element111 Pis

(12) Vanable restrictions

assigni’pe{ﬁ, 1} ZEL,FEV,,UEP’

beginP, = 0 lelL, peP
beginb’;zﬁ lelL peP
endPéz[} leL peP
endVé_zU fEL,pEP[

Extensions or Supplementations:
a) Upper production time duration limits at the pick-and-
place lines

If the production time duration at a pick-and-place line 1s
limited, e.g. because production 1n its entirety 1s permitted to
have a maximum duration of one day, and if MaxP’ is the
upper production time duration limit of a pick-and-place line
1, then this can be concomitantly included 1n the model with
the following restrictions:

E?Ild))‘tpg‘ <MaxP lelL
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b) Line restrictions of fitting families
If a fitting family v 1s not permitted to be produced on

certain pick-and-place lines ForbiddenLines c L, then the
following restrictions can be concomitantly included in the
model:

Z assfgnf},} », =0 veV, le ForbiddenLines,

pe pt

¢) Limitation of the number of fitting families (maxCluster)
at one or more pick-and-place lines

If the number of {fitting families on a pick-and-place line
is intended to be limited to a number maxCluster’, then only
maxCluster’ positions are made available for this pick-and-
place line (P={1, . . ., maxCluster’}). The number of
dummy pick-and-place lines then decreases accordingly.

The run-time performance can also be improved with
such limitations.

d) Taking account of fixed fittings

Fixed fittings and the fitting families associated therewith
can also be integrated into this MILP approach as in the
patent application PCT/EP2017/051997 cited in the intro-
duction. They can be used as a buller between the variant
fittings 1n order to avoid outage times owing to excessively
long time durations for the fitting creation.

The following extensions associated therewith are like-
wise possible:

Taking account of “absent” fitting conversion times

I1 the last fitting produced before the planning time period
1s a fixed fitting 1" and 11 this fixed fitting must likewise be
produced 1n the planning time period to be optimized, then
the fitting conversion time for this fixed fitting can be saved
if the latter 1s produced first.

Preferably fixed fitting at the end

For the reason described 1n (1) it 1s expedient to produce
a fixed fitting at the end. For this purpose, a target function
component with a small weighting can be concomitantly
included 1in the minimization target function.

Possible division of a fixed fitting

If waiting times occur in the optimum solution of the
model, then they can possibly be avoided if permission 1s
grven that a fixed-fitting fitting famaily 1s not produced 1n one
piece, but rather can be divided into a plurality of parts, each
of which can then be used as a bufler between varnant
fittings. A corresponding {itting conversion time then arises
for each part of the fixed-fitting fitting famualy.

By minimizing the turnaround time (duration), it 1s pos-
sible to 1mprove or optimize the throughput overall at a
plurality of pick-and-place lines. The production of the
printed circuit boards 1s ultimately carried out with the aid
of the above optimized assignment to the respective pick-
and-place lines and optimized order.

The example explained with regard to FIG. 2 1s a sim-
plified model. The optimization problems are more complex
in reality. In order to solve complex optimization problems,
it 1s possible to use such MILP models of the type explained
above.

Although the embodiment of the invention has been more
specifically 1llustrated and described 1n detail by means of
the preferred exemplary embodiment, nevertheless the
embodiment of the invention 1s not restricted by the
examples disclosed and other varnations can be derived
therefrom by the person skilled in the art, without departing
from the scope of protection of the embodiment of the
invention.
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The implementation of the processes or method sequences
described above can be eflected on the basis of instructions
present on computer-readable storage media or 1n volatile
computer memories (referred to 1n combination hereinafter
as computer-recadable memories). Computer-readable
memories are for example volatile memories such as caches,
bufters, or RAM and nonvolatile memories such as
exchangeable data carriers, hard disks, etc.

The functions or steps described above can be present
here 1in the form of at least one instruction set /on a
computer-readable memory. In this case, the functions or
steps are not tied to a specific 1nstruction set or to a specific
form of 1nstruction sets or to a specific storage medium or to
a specific processor or to specific execution schemes and can
be implemented by software, firmware, microcode, hard-
ware, processors, integrated circuits, etc. 1n standalone
operation or 1n arbitrary combination. In this case, a wide
variety ol processing strategies can be employed, for
example serial processing by a single processor or multi-
processing or multitasking or parallel processing, etc.

The 1nstructions can be stored 1n local memories, but 1t 1s
also possible to store the instructions on a remote system and
access them via a network.

The term “processor”, “central 51gnal processing”’, “con-
trol unit” or “data evaluation means”, as used here, encom-
passes processing means in the broadest sense, that 1s to say,
for example, servers, general purpose processors, graphics
processing units, digital signal processors, application-spe-
cific integrated circuits (ASICs), programmable logic cir-
cuits such as FGPAs, discrete analogue or digital circuits and
arbitrary combinations thereof, including all other process-
ing means that are known to the person skilled 1n the art or
will be developed 1n the future. In this case, processors can
consist of one or a plurality of apparatuses or devices or
units. If a processor consists of a plurality of apparatuses, the
latter can be designed or configured for the parallel or
sequential processing or execution of instructions.

Although the invention has been illustrated and described
in greater detail with reference to the preferred exemplary
embodiment, the invention 1s not limited to the examples
disclosed, and further vanations can be inferred by a person
skilled 1in the art, without departing from the scope of
protection of the invention.

For the sake of clarity, 1t 1s to be understood that the use
of “a” or “an” throughout this application does not exclude
a plurality, and “comprising” does not exclude other steps or
clements.

The 1nvention claimed 1s:

1. A method for a throughput-optimized production of
prmted circuit boards on at least two pick-and-place lines,
wherein the printed circuit boards are divided into clusters,
wherein a cluster 1s produced 1n each case by means of a
fitting, wherein the fitting 1s realized by shuttle tables which
are attachable to the pick-and-place lines and which each
have at least one feed device for keeping ready supplies of
components, wherein a plurality of shuttle table sets are used
and an empty shuttle table set has shuttle tables with feed
devices that are empty,

wherein the fitting 1s mounted temporarily on the empty

shuttle table set and 1s demounted after the production

of printed circuit boards as a result of the population

thereof, and

wherein one of the shuttle table sets 1s usable in
production only 1f the shuttle table set has been
completely equipped 1n a prefitting region, and the
shuttle table set 1s equippable again only 11 produc-
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tion carried out with the shuttle table set has ended
and the shuttle table set has been prepared again 1n
the prefitting region,

wherein the method comprises:

a) 1dentilying a set of pick-and-place lines;

b) 1dentifying a set of clusters;

¢) identitying a number of empty shuttle table sets per
pick-and-place line;

d) estimating a respective time duration for creating the
fitting for one cluster per pick-and-place line;

¢) estimating a respective production time duration for
producing one cluster on one of the pick-and-place
lines;

) selecting a production order for using the shuttle
table sets per pick-and-place line for fitting 1n the
prefitting region to avoid waiting times 1n the pro-
duction 1n which the same shuttle table sets are used
for producing the printed circuit boards, wherein a
number of positions corresponds exactly to a number
of real fitting families and each position 1s assigned
to a respective fitting family;

g) optimizing an assignment of clusters to the pick-
and-place lines and an order of the assigned clusters
per pick-and-place line, such that the throughput is
maximized overall relative to all the pick-and-place
lines; and

h) carrving out the production of the printed circuit

boards with the aid of the optimized assignment and
order of the clusters.

2. The method as claimed in claim 1, wherein 1n each case
a maximum production time duration per pick-and-place
line 1s determinable.

3. The method as claimed 1n claim 1, wherein a maximum
number of clusters 1n each case on a pick-and-place line 1s
determinable, which clusters can be produced on the respec-
tive pick-and-place line.

4. The method as claimed in claim 1, wherein a subset of
clusters which are not permitted to be produced on a
determinable pick-and-place line of the pick-and-place lines
1s determinable from the set of clusters.

5. The method as claimed 1n claim 1, wherein the fol-
lowing steps are furthermore carried out:

estimating one or a plurality of earliest possible points 1n

time for the beginning of the use of a shuttle table set
per pick-and-place line,
identifying an earliest possible point in time per pick-and-
place line for the beginning of production,

identilying an earliest possible point in time per pick-and-
place line for the beginning of fitting 1n the prefitting
region, and

optimizing the assignment and order of the clusters taking

in account of the earliest points 1n time estimated.

6. The method as claimed 1n claim 1, wherein optimizing
the assignment and the order of the clusters 1s carried out
with mixed integer linear optimization.

7. The method as claimed 1in claim 5, wherein after
optimizing the assignment and the order of the clusters, the
virtual clusters are removed and the remaining clusters move
up 1n respective order.

8. The method as claimed 1n claim 1, wherein different
types of fittings are used, wherein a first type corresponds to
a fixed fitting, which, after one-off fitting, remains
unchanged and 1s not demounted and mounted before pro-
duction, and one shuttle table set 1s provided per fixed fitting,
wherein a second type corresponds to a variant fitting, which
1s variable 1n accordance with at least one shuttle table set 1s
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provided for the variant fittings and wherein each cluster 1s
produced with a fitting of a predetermined type.

9. The method as claimed in claim 1, wheremn {itting
conversion times are additionally detected and taken into
account for the optimization, said fitting conversion times
occurring as a result of changing the shuttle table sets upon

the transition from one fitting to another {fitting.

10. The method as claimed in claim 1, wherein a cluster
with a fixed fitting can be divided and can be introduced
separately into the order of the clusters.

11. A control device, for the throughput-optimized pro-
duction of printed circuit boards on at least two pick-and-
place lines, wherein the printed circuit boards are divisible
into groups called clusters, wherein a cluster i1s produced 1n

cach case by means of a fitting, wherein the fitting 1is
realizable by shuttle tables which are attachable to the
pick-and-place lines and which each have at least one feed
device for keeping ready supplies of components, wherein a
quantity of shuttle tables required per fitting 1s referred to as
a shuttle table set and an empty shuttle table set has shuttle
tables with feed devices that are empty,
wherein the fitting 1s mountable temporarily on an empty
shuttle table set and 1s demountable after the production
of printed circuit boards as a result of the population
thereof, and
wherein one of the shuttle table sets 1s usable in
production only 11 1t has been completely equipped 1n
a prefitting region, and the shuttle table set 1s equip-
pable again only 1f production carried out with the
shuttle table set has ended and the shuttle table set
has been prepared again in the prefitting region,
wherein the control device 1s configured to:
a) 1dentify a set of pick-and-place lines,
b) 1identify a set of clusters,
¢) 1dentify a number of empty shuttle table sets,
d) estimate a respective time duration for creating the
fitting for one cluster per pick-and-place line,
¢) estimate a respective production time duration for
producing one cluster on one of the pick-and-place
lines,
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1) select a production order for using the shuttle table
sets per pick-and-place line for fitting 1n the prefit-
ting region with the aim of avoiding waiting times 1n
the production 1n which the same shuttle table sets
are usable for producing the printed circuit boards,
wherein the number of positions corresponds exactly
to the number of real fitting families and each
position 1s assigned to a respective fitting family, and

g) optimize an assignment of clusters to the pick-and-
place lines and an order of the assigned clusters per
pick-and-place line, such that the throughput is
maximized overall relative to all the pick-and-place
lines, and also

h) produce the printed circuit boards with the aid of the
optimized assignment and order of the clusters.

12. The control device as claimed in claim 11, wherein
optimizing the assignment and the order of the clusters is
able to be carried out with the aid of mixed integer linear
optimization.

13. The control device as claimed claim 12, wherein
clusters subdivided into real clusters and virtual clusters
influence the mixed integer linear optimization, wherein the
mixed integer optimization 1s designed so as, alter optimiz-
ing the assignment and the order of the clusters, to extract
the virtual clusters and to move up the remaining clusters in
respective order.

14. The control device as claimed in claim 11, wherein
different types of {ittings are usable, wherein a first type
corresponds to a fixed fitting, which, after one-off fitting,
remains unchanged and 1s not demounted and mounted
before production, and one shuttle table set 1s provided per
fixed fitting, wherein a second type corresponds to a variant
fitting, which 1s variable 1in and at least one shuttle table set
1s provided for the variant fittings and wherein each cluster
can be produced with a fitting of a predefinable type.

15. A computer program product, comprising a computer
readable hardware storage device having computer readable
program code stored therein, said program code executable
by a processor of a computer system to implement a method
as claimed claim 1.
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